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1. Introduction
When growing cells divide, they need to copy their genetic material and distribute it to en‐
sure that each daughter cell receives one copy. This is a challenging task especially when the
enormous length of the DNA compared to the cell size is considered. During DNA replica‐
tion, organization of the chromosomes is even more demanding, since replication forks con‐
tinuously produce new DNA. This DNA contains all the information required to build the
cells and tissues of a prokaryotic or an eukaryotic organism. The exact replication of this in‐
formation in any species assures its genetic continuity from generation to generation and is
critical to the normal development of an individual. The information stored in DNA is ar‐
ranged in hereditary units known as genes that control the identifiable traits of an organism.
Discovery of the structure of DNA and subsequent elucidation of how DNA directs synthe‐
sis of RNA, which then directs assembly of proteins -the so-called central dogma - were
monumental achievements that marked the early days of molecular biology. However, the
simplified representation of the central dogma as DNA → RNA → protein does not reflect
the role of proteins in the synthesis of nucleic acids. Moreover, proteins are largely responsi‐
ble for regulating DNA replication and gene expression, the entire process whereby the in‐
formation encoded in DNA is decoded into the proteins that characterize various cell types.
Two of these proteins are the DNA adenine methyltransferase (Dam) and the DNA-Binding
Protein (SeqA).
© 2013 Aloui et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
1.1. The Dam methyltransferase
Methylation of DNA by the Dam methyltransferase provides an epigenetic signal that influ‐
ences and regulates numerous physiological processes in the bacterial cell, including chro‐
mosome replication, mismatch repair, transposition, and transcription. A growing number
of reports ascribed a role to DNA adenine methylation in regulating the mechanisms of
DNA replication in diverse pathogens like in Salmonella Typhimurium and Escherichia coli,
…), suggesting that DNA methylation may be a widespread and versatile regulator of this
process. The Dam enzyme catalyzes the transfer of a methyl group from S -adenosyl-L-me‐
thionine (SAM) to the N6 position of the adenine residue in GATC sequences, using base
flipping to position the base in the enzyme’s catalytic site (Figure 1).
Figure 1. Dam catalyzes the transfer of a methyl group from S-adenosyl-L-methionine to the N6 position of adenine.
The natural substrate for the enzyme is hemimethylated DNA, where one strand is methy‐
lated and the other is not. This is the configuration of DNA immediately behind the replica‐
tion fork. Double stranded DNA is a better methyl receiver than denatured DNA, and there
is little difference in the rate of methylation between unmethylated and hemimethylated
DNA [28]. The Dam enzyme appears to have two SAM binding sites; one is the catalytic site
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and the other increases specific binding to DNA, probably through an allosteric transforma‐
tion [13]. Dam is thought to bind the template and to slide processing along the DNA, meth‐
ylating about 55 GATC sites per binding event [60]. There are about 130 molecules of Dam
per Escherichia coli cell, and this is considered optimal because it allows a period of time be‐
tween the synthesis of the extending nucleotide chains and the methylation of the GATC se‐
quences within them [15]. The cellular level of Dam is regulated mainly by transcription;
any increases or decreases in the number of Dam molecules can profoundly alter the physio‐
logical properties of the cell.
Dam competes with two other proteins, MutH and SeqA, for hemimethylated GATC sub‐
strate sites. These two proteins act before Dam to participate in the removal of replication
errors (MutH) and to form the compact and properly super coiled chromosome structure for
the nucleoid (SeqA). Increasing the cellular level of Dam causes a decrease in the amount of
hemimethylated DNA, and prevents these two proteins from carrying out their functions,
leading to an increased mutation rate and a change in the super coiling of the chromosome,
respectively [27; 42; 40]. Although Dam methylase is a highly processing enzyme, it may be‐
come less processing at GATC sites, flanked by specific DNA sequences [50]. Reduced rate
of processing may allow for a competition between Dam and specific DNA- binding pro‐
teins, thus permitting the formation of non-methylated GATCs which depended on the
growth phase and the growth rate, suggesting that the proteins that bind to them could be
involved in gene expression or in the maintenance of chromosome structure. The unmethy‐
lated dam sites appear to be mostly [53] or completely [49] modified in strains overproduc‐
ing Dam, suggesting that the enzyme competes with other DNA - binding proteins at these
specific sites. In addition to the unmethylated GATC sites discussed above, persistent hemi‐
methylated sequences have been detected in the chromosome [48; 18]. These are distinct
from the transiently hemimethylated GATC sites that occur immediately behind the replica‐
tion fork due to the time lag between DNA replication and Dam methylation.
1.2. The SeqA protein
SeqA protein was discovered in some prokaryotes as a protein involved in the methylation /
hemimethylation cycle of DNA replication [41]. This protein regulates the activation of the
chromosome replication origin [41]. Experiments have shown that SeqA has a high affinity
to hemimethylated as compared to fully methylated DNA. It binds specifically to GATC se‐
quences which are methylated on the Adenine of the old strand but not on the new strand.
Such hemimethylated DNA is produced by progression of the replication forks and lasts un‐
til Dam methyltransferase methylates the new strand (Figure 2). It is therefore believed that
a region of hemimethylated DNA covered by SeqA follows the replication fork.
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Figure 2. Helically phased GATC sites can be bound by SeqA when they are in the hemimethylated state. Binding of
SeqA inhibits Dam methylation, maintaining the hemimethylated state for a portion of the cell cycle. Dissociation of
SeqA allows Dam to methylate the hemimethylated DNA, thus generating fully methylated DNA.
Proper chromosome segregation also requires SeqA [5]. Furthermore, SeqA trails the DNA
replication fork and may contribute to nucleic organization in newly replicated DNA [17; 37;
40; 67]. Aside from its roles in chromosome replication and nucleic segregation, SeqA is
known to regulate the transcription of certain genes. In bacteriophage lambda, SeqA acti‐
vates the p R promoter in a GATC methylation-dependent fashion. SeqA also acts as a tran‐
scriptional co-activator by facilitating binding of the cII transcription factor to the lambda p I
and p aQ promoters. Competition between SeqA and the OxyR repressor for hemimethylated
GATC sites has been shown to regulate phase variation in the Escherichia coli agn43 gene
[51]. These examples raised the possibility that SeqA binding to critical GATC sites may like‐
wise regulate the expression of prokaryotic genes like in Escherichia coli and Salmonella,
which are members of the Enterobacteriaceae family.
1.3. The competition of Dam methylase and SeqA for GATC sites
Newly synthesized hemimethylated DNA is also a target for Dam methylase. In fact, Dam
and SeqA have been suggested to be in competition for hemimethylated DNA [34]. Experi‐
ments with unsynchronized cells indicate that the sequestration period becomes shorter
upon Dam over-expression [15; 57]. SeqA binding is largely limited to hemimethylated
DNA, and the action of Dam will, therefore, transform DNA into a non-target for SeqA. This
protein was able to bind DNA despite Dam overproduction. Recent findings showed that
SeqA bound to DNA was not actively dissociated by Dam methylase [34]. The same study
showed that the SeqA protein spontaneously dissociated from bound DNA after some mi‐
nutes in vitro and that re-binding to the same site was inhibited by methylation [34]. We rea‐
soned that in vivo system, the effect of Dam overproduction on SeqA re-binding should
increase with increasing distance from replication forks towards the origin of chromosomal
replication. This is because the longer a SeqA molecule was bound to the DNA the more
likely is its dissociation. Such an effect might be too small to be observed by visual compari‐
son of SeqA binding patterns. This shows that Dam and SeqA are in continuous competition
for GATC sites in vivo with SeqA being the considerably stronger competitor. Since SeqA
has been shown to bind better to DNA regions with more densely packed GATC sites, we
speculated that such regions would allow SeqA to be better in competing against Dam than
do regions with fewer GATC sites. Recent data indicate that differences in GATC density
have only minor impact on the competition of SeqA against Dam methyltransferase [32].
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2. DNA replication
The initiation of chromosomal replication occurs only once during the cell cycle in both pro‐
karyotes and eukaryotes. This initiation is the first and tightly controlled step of a DNA syn‐
thesis. Because much of what is known about the regulation of the initiation of bacterial
chromosomal replication comes from studies of Escherichia coli and Salmonella enterica sero‐
var Typhimurium, this review focuses mainly on regulatory mechanisms in these species.
In prokaryotic cells, DNA replication and segregation are not temporally separated process‐
es. Some evidence suggests that newly synthesized DNA is continuously segregated to op‐
posite cellular positions [45; 52]. Other work indicates that some parts of segregation may be
more abrupt and domain specific [7; 21]. Coordination of DNA replication and chromosome
segregation is complicated by the ability of growing with overlapping replication cycles [19;
55]. Whereas during slow growth, chromosomes are replicated in a simple pattern with only
one pair of forks; replication during fast growth occurs with one pair of old and two pairs of
new forks on one chromosome. (Forks are considered to be ‘old forks’ as soon as new forks
appear at initiation.) Depending on the exact conditions, a cell can have four copies of the
multi-fork chromosome and a total of 24 replication forks per cell [22; 44]. How the cell
meets the obvious need for efficient organization during such extensive replication is largely
unknown. However, the SeqA protein is one of the strongest candidates to contribute [41;
61]. Loss of SeqA leads to severe growth impairment during the rapid but not slow growth
[16]. Biochemical studies established that SeqA binding is specific to the sequence GATC
with high preference for hemimethylated over fully methylated DNA [10; 58; 11; 34]. Hemi‐
methylation occurs at newly replicated GATC sites which have not yet been re-methylated
by the Dam methylase. A transient hemimethylation after the passage of the replication fork
was found in an analysis of 10 individual GATC sites [18]. Similarly, transient binding of
SeqA was detected at seven genomic sites with multiple GATC sequences [67]. Multiple
DNA- bound SeqA dimers can oligomerize to form a higher order structure [25; 47]. The
above findings suggested that a SeqA complex follows the replication forks, potentially in a
tread milling fashion, growing at the leading end and diminishing at the tailing end. The re‐
duction of the SeqA bound region at the most replisome-distant GATCs would come about
through the activity of Dam which turns these sites into non-targets for SeqA by its methyla‐
tion activity. The process described above is called DNA sequestration.
3. DNA methylation by Dam protein
As mentioned above, the Dam methyltransferase of Enterobacteriaceae methylates adenine at
the N6 position in GATC sequences. Methylation of DNA has multiple consequences con‐
cerning bacterial physiology including the regulation of chromosome replication, DNA seg‐
regation, mismatch repair, transposition, and transcriptional regulation. The molecular basis
for the pleiotropic phenotypes associated with Dam is the differential methylation of DNA
resulting in an altered affinity of regulatory DNA-binding proteins. Regulatory proteins
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might preferentially bind to non -methylated DNA, thereby blocking methylation by Dam,
while other proteins bind with high affinity only to hemimethylated or fully methylated
DNA [65]. Therefore, it is not surprising that Dam has an impact on pathogenesis, virulence
gene expression, influences DNA replication [2] and many other processes [4] in Salmonella
microorganisms. Dam-overproducing (DamOP) as well as dam mutant strains have been used
to assess the role of DNA methylation in DNA replication. By using these strains it is possi‐
ble to alter the methylation pattern in regulatory regions of genes, thereby changing the
binding affinity for regulatory proteins. Although DamOP does not reflect a physiologically
relevant condition, as the Dam levels have been found to remain basically constant in the
cell, it is a functional tool to analyze the effects of changes in DNA methylation patterns on
gene expression. Strategies of this kind have been successfully used for decades in both eu‐
karyotes and prokaryotes to perturb gene regulation for experimental purposes.
4. DNA sequestration by SeqA protein
Replication of the bacterial chromosomal DNA initiates only once, at a specific region
known as the origin of chromosomal replication ( oriC), by the initiator protein DnaA. This
protein interacts specifically with 9-bp non-palindromic sequences (DnaA boxes) that exists
at oriC. To ensure that initiation at an origin occurs only once per cell cycle, specific mecha‐
nisms exist to control chromosomal replication. In one mechanism, the SeqA protein that is
tightly bound to hemimethylated DNA by a mechanism known as sequestration and which
recognizes GATC sequences overrepresented within oriC and prefers binding to hemime‐
thylated over fully or unmethylated oriC.
The chromosomal DNA is methylated at adenine residues in GATC sequences by Dam
methylase. Following passage of the DNA replication fork, GATC sites methylated on the
top and bottom strands in a mother cell (denoted as fully methylated) are converted into
two hemimethylated DNA duplexes: one methylated on the top strand and non-methylated
on the bottom strand and one methylated on the bottom strand and non-methylated on the
top strand due to semi-conservative replication. Most GATC sites are rapidly re-methylated
by the enzyme Dam methylase and exist in the hemimethylated state for only a fraction of
the cell cycle (Figure 3).
Exceptions to this are the DNA replication origin of Escherichia coli and Salmonella typhimuri‐
um, the dnaA promoter, and possibly additional GATC sites in the chromosome which bind
SeqA. SeqA preferentially binds to clusters of two or more hemimethylated GATC sites
spaced one to two helical turns apart (Figure 4).
In the case of oriC, sequestration delays re-methylation and prevents binding of the DnaA
protein, which controls the initiation of DNA replication. At other sites, binding of SeqA tet‐
ramers to hemimethylated GATC sites may organize nucleic domains. Notably, the tran‐
scription profile of a SeqA mutant was found to be similar to that of a Dam overproducer
strain. Based on this observation, a model was developed in which Dam and SeqA compete
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for binding to hemimethylated for binding to hemimethylated DNA generated at the repli‐
cation fork.
Figure 3. The vast majority of chromosomal GATC sites are fully methylated until DNA replication generates two hem‐
imethylated species, one methylated on the top strand and one methylated on the bottom strand. Within a short time
after replication (less than 5 minutes), Dam methylates the nonmethylated GATC site, regenerating a fully methylated
GATC site.
Figure 4. Two or more helically phased GATC sites can be bound by SeqA when they are in the hemimethylated state.
Binding of SeqA inhibits Dam methylation, maintaining the hemimethylated state for a portion of the cell cycle. Disso‐
ciation of SeqA allows Dam to methylate the hemimethylated DNAs, generating fully methylated DNA.
4.1. Binding of SeqA to Hemimethylated GATC Sequences
As mentioned above, the adenine residues of GATC sequences are methylated on their 6
amino group by Dam methyltransferase [23; 18]. Upon replication, the GATC sequences on
the newly replicated strand remain transiently unmethylated, leading to a hemimethylated
state of the DNA duplex. The new strand is subsequently methylated by Dam, and the du‐
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plex becomes methylated on both strands. The initiation of chromosome replication at the
origin of chromosomal replication oriC, which contains repeated GATC sequences, is tightly
controlled [43; 38]. Once initiation is fired, reinitiation from the newly formed oriC is pre‐
vented by an oriC sequestration process affected by the binding of SeqA protein to the newly
replicated, hemi-methylated origin [41; 34]. The hemimethylated state of the replicated oriC
is maintained for about one-third of the cell cycle, whereas it persists in other chromosomal
regions for at most 2 minutes. Further, the asynchronous and overinitiation of chromosomal
replication characteristic of seqA mutants indicates that SeqA is a negative modulator of
chromosomal initiation at oriC [41, 16].
Topoisomerase IV is essential for the de-catenation and segregation of replicated chromo‐
somes at cell division [35; 36; 1; 68; 29]. Together with DNA gyrase, it also removes the posi‐
tive super coils that accumulate in front of replication forks and growing mRNA transcripts.
SeqA has been shown to promote the relaxation and the de-catenation activity of topoiso‐
merase IV [33]. This appears to result from a specific interaction between topoisomerase IV
and SeqA. Besides the asynchrony and overinitiation of chromosomal replication, seqA mu‐
tants have an aberrant nucleic structure, an increased frequency of abnormal segregation,
and increased negative superhelicity of chromosomal and plasmid DNA [41; 30; 63; 64].
These findings suggest that interaction with SeqA is required for proper functioning of top‐
oisomerase IV in vivo. In addition, SeqA functions as a transcriptional regulator of the bac‐
teriophage pR promoter [59].
The C-terminal region of SeqA interacts via hydrogen bonds and van der Waals contacts
with the major groove of DNA, with the hemimethylated A-T base pair and also with the
surrounding bases and DNA backbone. The Nuclear Magnetic Resonance (NMR) structure
of hemimethylated GATC revealed that it has an unusual backbone structure and a remark‐
ably narrow major groove and suggested that this peculiar structural feature might contrib‐
ute to recognition of hemimethylated GATC sites by SeqA protein [6]. To form a stable
SeqA-DNA complex in the presence of competitor DNA, one SeqA tetramer binds to each of
two hemimethylated GATC sequences [26] that are up to 31 bases apart on the DNA [17].
The sequential binding of SeqA tetramers to hemimethylated sites leads to the formation of
higher order complexes [26]. Further, the binding of SeqA proteins to at least six adjacent
hemimethylated sites induces the aggregation of free proteins onto the bound proteins, thus
implying cooperative interaction between the SeqA proteins.
4.2. Effects of seqA disruption on DNA replication
As we said before, following the replication fork progression and the nascent strand synthe‐
sis, the daughter DNA becomes hemimethylated. SeqA protein binds to the hemimethylated
GATC sequences (hemi-sites) and performs various roles to control the cell cycle progres‐
sion. Immediately after the initiation of replication SeqA binds to the replicated oriC and se‐
questers it from remethylation and re-initiation of replication at the replicated oriC. SeqA
tracks replication forks as a multiprotein complex and contributes to the maintenance of su‐
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perhelicity and de-catenation of daughter chromosomes through the stimulation of topoiso‐
merase IV and results in a synchronous replication.
When rounds of replication are allowed to run to completion, the number of chromosomes
per cell is 2n (n = 0, 1, 2, 3, etc). When initiations are asynchronous, as in dnaA (Ts) initiation
mutants at the permissive temperature and in the Escherichia coli dam mutant [14; 56], the
presence of a different number of chromosome equivalents (three, five, six, etc.) was detect‐
ed by flow cytometry. The presence of cells containing a number of chromosomes different
from 2n suggests that the seqA mutant has a defect in the synchrony of replication initiation.
Wild type and seqA mutant of Salmonella enterica serovar Typhimurium growing exponen‐
tially in glucose–casamino acid medium were treated with rifampicin and cephalexin, which
block initiation of replication and cell division respectively. Wild-type cells initiated replica‐
tion synchronously (number of chromosomes per cell is 2n). The appearance of cells with
chromosome numbers other than 2n indicates a moderate asynchrony of initiation.
So, the flow cytometer analysis of a seqA mutants has shown that replication initiation is
asynchronous and can occur throughout the cell cycle, not only at the normal cell age for
initiation. The most likely reason for this asynchrony phenotype is that secondary initiations
occurred at newly replicated origins in seqA mutants, due to lack of sequestration and inade‐
quate methylation. We showed that the initiation synchrony was dependent on intact GATC
methylation sites.
This loss of synchrony affected culture growth rates and cell size distributions only slightly
and suggest that seqA mutants have a slight defect in synchronizing replication initiation.
All these results suggest that DNA sequestration plays a role in preventing the occurrence of
multiple initiations at a single origin in the same replication cycle. However, using flow cy‐
tometry, we found that the asynchrony of initiation, which is one of the phenotypes of the
seqA mutation, was returned to almost normal in a seqA null mutant harbouring the wild-
type seqA gene under the control of a tac- promoter.
The OFF to ON phase rate was reduced in a seqA mutant, but much of this effect could be
accounted for by a reduction in the Dam / DNA ratio caused by increased asynchronous ini‐
tiation of DNA replication that occurs in the absence of SeqA, which normally sequesters
oriC and plays a critical role in timing of DNA replication [8].
5. Membrane sequestration hemimethylated of oriC
The coordination of the synchronization of the replication initiation, the activation of the
DnaA protein at oriC, and the cellular cycle suggested the existence of a very narrow interac‐
tion between the bacterial membrane and the SeqA protein [39]. Early studies demonstrated
that membranes are capable of binding to hemimethylated oriC in vitro and in vivo, but not
to fully methylated or unmethylated oriC [48]. While they are sequestered at the membrane,
the recently replicated origins are unavailable for re-initiation and are protected from meth‐
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ylation by Dam methylase for an extended period. The origins remain sequestered until con‐
ditions in the cell are no longer in a state supportive for initiation (Figure 5).
Figure 5. Membrane sequestration of recently replicated origins [4].
Prior to initiation of DNA replication, Dam methylase sites are fully methylated. Immediate‐
ly following replication, the newly synthesized strand is unmethylated, and the resulting
hemimethylated origin is sequestered at the lipid bilayer of membrane by SeqA. This is not
accessible to replicatively active ATP–DnaA. After approximately one-third of the cell cycle,
the sequestered origin is released and methylated by Dam methylase. At this point in the
cell cycle, the levels of ATP–DnaA are not sufficient to catalyze a new round of replication.
As such, sequestration serves as a mechanism to prevent secondary initiations. Subsequent
work identified SeqA protein to be an essential factor in the oriC sequestration. Even though
the first steps of SeqA purificiation involve liberating SeqA from the membrane fraction of
cell lysates by treatment with high concentrations of salt and sonication, the primary se‐
quence for SeqA protein does not suggest any obvious membrane-associating domains. This
is supported by the crystal structure of the C-terminal DNA-binding domain, and by bio‐
chemical studies that show that the N-terminal domain serves in the aggregation of SeqA
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protein into functional homotetramers [24]. Yet, there is some evidence that SeqA has an as‐
sociation with membranes [20; 62]. The original data that newly replicated, hemimethylated
origins are sequestered at the membrane hold true. Whether the membrane sequestration of
oriC occurs directly through the SeqA protein or through an as yet unidentified factor re‐
mains unclear.
6. Cooperation between “Dam” and “SeqA” in DNA Replication
In Escherichia coli, persistent hemimethylated sites have been detected at the origin of chro‐
mosome replication, oriC, and the region surrounding it [18]. This region includes the dnaA
gene, which is located 43 kb from oriC. DnaA initiates chromosome replication by binding to
oriC and facilitating duplex opening to load DnaB helicase and DNA polymerase III holoen‐
zyme. The persistence of the hemimethylated state is due to the high density of GATC se‐
quences in oriC (11 in 245 bp) and in the promoter region of dnaA (8 in 219 bp), providing
multiple binding sites for the SeqA protein. The SeqA induced hemimethylated state in this
region of the chromosome lasts for about one-third of the cell cycle (sequestration), but the
mechanism by which it is relieved is not known. The purpose of sequestration is to prevent
re-initiation from oriC from occurring more than once per cell cycle. For initiation to occur
most efficiently, oriC and the dnaA promoter region must be fully methylated. This also con‐
tributes to ensuring that initiation occurs only once per cell cycle [9; 66]. In Salmonella Typhi‐
murium, SeqA may play replication-related roles similar to those described in Escherichia coli
[51]. In Vibrio cholerae, both Dam methylation and SeqA are essential [31; 54], and SeqA over‐
production causes DNA replication arrest [54].
In fast-growing Escherichia coli or Salmonella Typhimurium cells, the time required for chro‐
mosome replication exceeds the doubling time. Under such conditions, Escherichia coli and
Salmonella Typhimurium cells contain multiple copies of oriC due to initiations that occurred
two or three generations ago. These origins fire simultaneously during the cell cycle, leading
to synchronous initiation, which is thought to be due to the immediate release of DnaA from
an origin after initiation [46]. This release will temporarily increase the DnaA / oriC ratio in
wild-type cells for the remaining fully methylated origins. After initiation, other mecha‐
nisms ensure that DnaA is not in the proper conformation for initiation. Among these mech‐
anisms is a reduction in the transcription of the dnaA gene. Sequestration by SeqA after
initiation keeps the dnaA promoter region in a hemimethylated state, which reduces tran‐
scription initiation because the dnaA promoter GATC sequences need to be fully methylated
for maximal expression [9].
In dam mutant cells, there is no sequestration by SeqA; consequently, DnaA can immediately
rebind origins after the first initiation event, and initiate a second time when the concentra‐
tion of the active form of DnaA is high enough. Transcription from the dnaA gene continues
throughout the cell cycle although at a reduced level. Dam methylation, therefore, is not es‐
sential for replication initiation; rather, the cell uses methylation to discriminate between old
and new origins.
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7. Conclusion
In the Enterobacteriaceae family (Salmonella Typhimurium, Escherichia coli,…), DNA methyla‐
tion and sequestration modulate a variety of processes such as DNA replication and tran‐
scription of certain genes. Deletion of the dam and / or seqA genes produces a variety of
phenotypes ranging from replication asynchrony to virulence attenuation, indicating multi‐
ple functions for Dam and SeqA proteins in modulating gene expression, proper chromo‐
some segregation, initiation of chromosome replication, and nucleic stabilization. Given
these multiple roles, it is not surprising that these mutations are highly pleiotropic. Howev‐
er, the lack of Dam and / or SeqA proteins does not impair viability. Bacterial mutant strains
are more sensitive to these mutations than the wild type which shows the inverse. In addi‐
tion, no great difference between the mutants of Salmonella Typhimurium and those of some
Enterobacterial species such as Escherichia coli was observed with replication asynchrony. In
conclusion, the role of Dam and SeqA in the prokaryotic cellular processes such as the DNA
replication is clear. So it may rely on their capacity as a global regulator of the gene expres‐
sion during bacterial life, in vitro, in a similar manner as it does in vivo.
8. Future research
Our knowledge on the effects of Dam and SeqA proteins in Enterobacteriaceae family (Salmo‐
nella Typhimurium, Escherichia coli,…) has considerably improved in the last decade. This
fundamental research has several implications that will prove to be useful for the develop‐
ment of novel therapeutic approaches. But, to date, therapeutic applications are still in their
early experimental phases, but several recent studies provide promising results for future
clinical developments. Over the last few years, many studies have demonstrated that Escher‐
ichia coli and Salmonella typhimurium seqA and / or dam mutants exhibit asynchronous DNA
replication and are highly attenuated for virulence in mice and have been proposed as live
vaccines. These results prove that these proteins might have a role in regulating virulence. In
addition, future research must focus on the study of the decreasing virulence and the proteo‐
mic and enzymatic activities of a seqA and / or dam mutant strains. So these perspectives can
be useful to more fully understand the significance of the results obtained above. Of special
interests are: firstly, the growing list of genes governed by DNA methylation and sequestra‐
tion in bacterial pathogens ; secondly, the finding of novel genes regulated by Dam and SeqA
proteins using high throughput analysis, and, thirdly, the evidence that these proteins may
regulate the expression of many unidentified genes involved in the DNA replication.
Finally, the way in which Dam and SeqA participate clearly in the DNA replication is a criti‐
cal question that deserves further investigation in the near future, and may be research stud‐
ies will have to identify explanations.
The Mechanisms of DNA Replication326
Acknowledgements
The work presented in this chapter was supported by the Tunisian Ministry of Higher Edu‐
cation, Scientific Research, and Technology. It has been performed at the biochemistry and
molecular biology laboratory which belongs to the Faculty of Sciences of Bizerta. Many peo‐
ple have in different ways supported me in my work and contributed to the completion of
this study. I would especially like to express my gratitude to:
Dr. Francisco Ramos-Morales (Departamento de Genética, Facultad de Biologia, Universi‐
dad de Sevilla, Spain).
Miss BCHINI Khouloud for proofreading and correcting this manuscript.
Author details
Amine Aloui1*, Alya El May1, Saloua Kouass Sahbani1,2 and Ahmed  Landoulsi1
*Address all correspondence to: aminealoui@yahoo.fr
1 Carthage University, Faculty of Sciences of Bizerta Zarzouna, Tunisia
2 Sherbrooke University, Faculty of Medecine Québec, Canada
References
[1] Adams, D. E., Shekhtman, E. M., Zechiedrich, E. L., Schmid, M. B., & Cozzarelli, N.
R. (1992). The role of topoisomerase IV in partitioning bacterial replicons and the
structure of catenated intermediates in DNA replication. Cell, 71, 277-88.
[2] Aloui, A., Chatti, A., May, E. L. A., & Landoulsi, A. (2007). Effect of methylation on
DNA replication in Salmonella enterica serovar Typhimurium. C R Biol, 330, 576-580.
[3] Aloui, A., Kouass, S. S., Mihoub, M., El May, A., & Landoulsi, A. (2011). The Absence
of the “GATC- Binding Protein SeqA” Affects DNA replication in Salmonella enteri‐
ca serovar Typhimurium. DNA Replication and Related Cellular Processes,
978-9-53307-212-7.
[4] Aloui, A., Tagourti, J., May, E. L. A., Joseleau, P. D., & Landoulsi, A. (2011). The effect
of methylation on some biological parameters in Salmonella enterica serovar Typhi‐
murium. Path biol, , 59, 192-198.
[5] Bach, T., Krekling, M. A., & Skarstad, K. (2003). Excess SeqA prolongs sequestration
of oriC and delays nucleoid segregation and cell division. EMBO J. , 22, 315-323.
Roles of Methylation and Sequestration in the Mechanisms of DNA Replication in some Members of the
Enterobacteriaceae Family
http://dx.doi.org/10.5772/51724
327
[6] Bae, S. H., Cheong, H. K., Cheong, C., Kang, S., Hwang, D. S., & Choi, B. S. (2003).
Structure and dynamics of hemimethylated GATC sites: implications for DNA-SeqA
recognition. J. Biol. Chem., 278, 45987 -93 .
[7] Bates, D., & Kleckner, N. (2005). Chromosome and replisome dynamics in E. coli: loss
of sister cohesion triggers global chromosome movement and mediates chromosome
segregation. Cell, 121, 899 -911 .
[8] Bogan, J. A., & Helmstetter, C. E. (1997). DNA sequestration and transcription in the
oriC region of Escherichia coli. Mol. Microbiol., 26, 889-896.
[9] Braun, R. E., O’Day, K., & Wright, A. (1985). Autoregulation of the DNA replication
gene dnaA in E. coli K-12. Cell, 40, 159-169.
[10] Brendler, T., Abeles, A., & Austin, S. (1995). A protein that binds to the 1 origin core
and the oriC 13mer region in a methylation-specific fashion is the product of the host
seqA gene. EMBO J. , 14, 4083-4089.
[11] Brendler, T, & Austin, S. (1999). Binding of SeqA protein to DNA requires interaction
between two or more complexes bound to separate hemimethylated GATC sequen‐
ces. EMBO J., 18, 2304-2310.
[12] Brendler, T., Sawitzke, J., Sergueev, K., & Austin, S. (2000). A case for sliding SeqA
tracts at anchored replication forks during Escherichia coli chromosome replication
and segregation. EMBO J., 19, 6249-6258.
[13] Bergerat, A., Guschlbauer, W., & Fazakerley, G. V. (1991). Allosteric and catalytic
binding of S-adenosylmethionine to Escherichia coli DNA adenine methyltransferase
monitored by 3H NMR. P Natl Acad Sci USA, 88, 6394-7.
[14] Boye, E., & Lobner-Olesen, A. (1990). The role of dam methyltransferase in the con‐
trol of DNA replication in E. coli. Cell, 62, 981-9.
[15] Boye, E., Marinus, M. G., & Løbner-Olesen, A. (1992). Quantitation of Dam methyl‐
transferase in Escherichia coli. J Bacteriol, 174, 1682-1685.
[16] Boye, E., Stokke, T., Kleckner, N., & Skarstad, K. (1996). Coordinating DNA replica‐
tion initiation with cell growth: differential roles for DnaA and SeqA proteins. Proc.
Natl Acad. Sci. USA, 93, 12206-12211.
[17] Brendler, T., Sawitzke, J., Seerguev, K., & Austin, S. (2000). A case for sliding SeqA
tracts at anchored replication forks during Escherichia coli chromosome replication
and segregation. EMBO J., 19, 6249-6258.
[18] Campbell, J. L., & Kleckner, N. (1990). E. coli oriC and the dnaA gene promoter are
sequestered from dam methyltransferase following the passage of the chromosomal
replication fork. Cell, 62, 967-979.
[19] Cooper, S., & Helmstetter, C. E. (1968). Chromosome replication and the division cy‐
cle of Escherichia coli B/r. J. Mol. Biol. , 31, 519-40.
The Mechanisms of DNA Replication328
[20] d’Alencon, E., Taghbalout, A., Kern, R., & Kohiyama, M. (1999). Replication cycle de‐
pendent association of SeqA to the outer membrane fraction of E. coli. Biochimie,
841-846.
[21] Espeli, O., Mercier, R., & Boccard, F. (2008). DNA dynamics vary according to macro‐
domain topography in the E. coli chromosome. Mol. Microbiol. , 68, 1418-1427.
[22] Fossum, S., Crooke, E., & Skarstad, K. (2007). Organization of sister origins and repli‐
somes during multifork DNA replication in Escherichia coli. EMBO J. , 26, 4514-4522.
[23] Geier, G. E., & Modrich, P. (1979). Recognition sequence of the dam methylase of Es‐
cherichia coli K12 and mode of cleavage of Dpn I endonuclease. J. Biol. Chem. , 254,
1408-13.
[24] Guarné, A., Zhao, Q., Ghirlando, R., & Yang, W. (2002). Insights into negative modu‐
lation of E. coli replication initiation from the structure of SeqA-hemimethylated
DNA complex. Nat. Struct. Biol., 9, 839-843.
[25] Guarné, A., Brendler, T., Zhao, Q., Ghirlando, R., Austin, S., & Yang, W. (2005). Crys‐
tal structure of a SeqA-N filament: implications for DNA replication and chromo‐
some organization. EMBO J. , 24, 1502-1511.
[26] Han, J. S., Kang, S., Lee, H., Kim, H. K., & Hwang, D. S. (2003). Sequential binding of
SeqA to paired hemi-methylated GATC sequences mediates formation of higher or‐
der complexes. J. Biol. Chem., 278, 34983-9.
[27] Herman, G. E., & Modrich, P. (1981). Escherichia coli K-12 clones that overproduce
dam methylase are hypermutable. J Bacteriol, 145, 644-6.
[28] Herman, G. E., & Modrich, P. (1982). Escherichia coli dam methylase. Physical and
catalytic properties of the homogeneous enzyme. J Biol Chem, 257, 2605-2612.
[29] Hiasa, H., & Marians, K. J. (1996). Two distinct modes of strand unlinking during
theta-type DNA replication. J. Biol. Chem. , 271, 21529-35.
[30] Hiraga, S., Ichinose, C., Niki, H., & Yamazoe, M. (1998). Cell cycle-dependent dupli‐
cation and bidirectional migration of SeqA-associated DNA-protein complexes in E.
coli. Mol. Cell, 1, 381-7.
[31] Julio, S. M., Heithoff, D. M., Provenzano, D., Klose, K. E., Sinsheimer, R. L., Low, D.
A., & Mahan, M. J. (2001). DNA adenine methylase is essential for viability and plays
a role in the pathogenesis of Yersinia pseudotuberculosis and Vibrio cholerae. Infect
Immun, 69, 7610-5.
[32] Joo, S. H., Sukhyun, K., Sung, H. K., Min, J. K., & Deog, S. H. (2004). Binding of SeqA
protein to hemi-methylated GATC sequences enhances their interaction and aggre‐
gation properties. J. Biol. Chem. Issue of July 16 , 279(29), 30236-30243.
[33] Kang, S., Han, J. S., Park, J. H., Skarstad, K., & Hwang, D. S. (2003). SeqA protein
stimulates the relaxing and decatenating activities of topoisomerase IV. J. Biol.
Chem. , 278, 48779-85.
Roles of Methylation and Sequestration in the Mechanisms of DNA Replication in some Members of the
Enterobacteriaceae Family
http://dx.doi.org/10.5772/51724
329
[34] Kang, S., Lee, H., Han, J. S., & Hwang, D. S. (1999). Interaction of SeqA and Dam
methylase on the hemimethylated origin of Escherichia coli chromosomal DNA rep‐
lication. J. Biol. Chem. , 274, 11463-8.
[35] Kato, J., Nishimura, Y., Yamada, M., Suzuki, H., & Hirota, Y. (1988). Gene organiza‐
tion in the region containing a new gene involved in chromosome partition in Es‐
cherichia coli. J. Bacteriol., 170, 3967-3977.
[36] Kato, J., Nishimura, Y., Imamura, R., Niki, H., Hiraga, S., & Suzuki, H. (1990). New
topoisomerase essential for chromosome segregation in E. coli. Cell, 63, 393-404.
[37] Klungsøyr, H. K., & Skarstad, K. (2004). Positive supercoiling is generated in the
presence of Escherichia coli SeqA protein. Mol. Microbiol., 54, 123-131.
[38] Kornberg, A., & Baker, T. A. (1992). DNA Replication, nd Ed. 521-524, W. H. Freeman
and Co., New York.
[39] Landoulsi, A., Malki, A., Kern, R., Kohiyama, M., & Hughes, P. (1990). The E. coli cell
surface specifically prevents the initiation of DNA replication at oriC on hemimethy‐
lated DNA templates. Cell, 63, 1053-1060.
[40] Løbner-Olesen, A., Marinus, M. G., & Hanssen, F. G. (2003). Role of SeqA and Dam
in Escherichia coli gene expression: a global/microarray analysis. Proc. Natl. Acad.
Sci. USA. , 100, 4672-4677.
[41] Lu, M., Campbell, J. L., Boye, E., & Kleckner, N. (1994). SeqA: a negative modulator
of replication initiation in E.coli. Cell, 413-426.
[42] Marinus, M. G., Poteete, A., & Arraj, J. A. (1984). Correlation of DNA adenine meth‐
ylase activity with spontaneous mutability in Escherichia coli K-12. Gene, 123 EOF-5
EOF.
[43] Messer, W., & Weigel, C. (1996). Escherichia coli and Salmonella typhimurium: Cel‐
lular and Molecular Biology. Neidhardt, F. C., ed) 2nd Ed., 1580-1582, American Soci‐
ety for Microbiology, Washington, D. C.
[44] Morigen, , Odsbu, I., & Skarstad, K. (2009). Growth rate dependent numbers of SeqA
structures organize the multiple replication forks in rapidly growing Escherichia coli.
Genes Cells, 14, 643-57.
[45] Nielsen, H. J., Li, Y., Youngren, B., Hansen, F. G., & Austin, S. (2006). Progressive
segregation of the Escherichia coli chromosome. Mol. Microbiol. , 61, 383-393.
[46] Nielsen, O., & Løbner-Olesen, A. (2008). Once in a lifetime: strategies for preventing
re-replication in prokaryotic and eukaryotic cells. EMBO Rep, 9, 151-156.
[47] Odsbu, I., Klungsoyr, H. K., Fossum, S., & Skarstad, K. (2005). Specific N-terminal in‐
teractions of the Escherichia coli SeqA protein are required to form multimers that
restrain negative supercoils and form foci. Genes Cells, 10, 1039-1049.
The Mechanisms of DNA Replication330
[48] Ogden, G. B., Pratt, M. J., & Schaechter, M. (1988). The replicative origin of the E. coli
chromosome binds to cell membranes only when hemimethylated. Cell, 54, 127-35.
[49] Palmer, B. R., & Marinus, M. G. (1994). The dam and dcm strains of Escherichia coli-
a review. Gene, 143, 1-12.
[50] Peterson, S. N., & Reich, N. O. (2006). GATC flanking sequences regulate Dam activi‐
ty: evidence for how Dam specificity may influence pap expression. J Mol Biol, 355,
459-472.
[51] Prieto, A. I., Jakomin, M., Segura, I., Pucciarelli, M. G., Ramos-Morales, F., del Portil‐
lo, F. G., & Casadesus, J. (2007). The GATC-binding protein SeqA is required for bile
resistance and virulence in Salmonella enterica Serovar Typhimurium. J. Bacteriol. ,
189, 8496-8502.
[52] Reyes-Lamothe, R., Possoz, C., Danilova, O., & Sherratt, D. J. (2008). Independent po‐
sitioning and action of Escherichia coli replisomes in live cells. Cell, 133, 90-102.
[53] Ringquist, S., & Smith, C. L. (1992). The Escherichia coli chromosome contains specif‐
ic, unmethylated dam and dcm sites. P Natl Acad Sci USA, , 89, 4539-4543.
[54] Saint-Dic, D., Kehrl, J., Frushour, B., & Kahng, L. S. (2008). Excess SeqA leads to repli‐
cation arrest and a cell division defect in Vibrio cholerae. J Bacteriol, 190, 5870-5878.
[55] Skarstad, K., Boye, E., & Steen, H. B. (1986). Timing of initiation of chromosome rep‐
lication in individual Escherichia coli cells. EMBO J. , 5, 1711-1717.
[56] Skarstad, K., von, Meyenburg. K., Hansen, F. G., & Boye, E. (1988). Coordination of
chromosome replication initiation in Escherichia coli: effects of different dnaA alleles.
J. Bacteriol. , 170, 852-858.
[57] Skarstad, K., & Lobner-Olesen, A. (2003). Stable co-existence of separate replicons in
Escherichia coli is dependent on once-per-cell-cycle initiation. EMBO J. , 22, 140-50.
[58] Slater, S., Wold, S., Lu, M., Boye, E., Skarstad, K., & Kleckner, N. (1995). E. coli SeqA
protein binds oriC in two different methyl-modulated reactions appropriate to its
roles in DNA replication initiation and origin sequestration. Cell, 82, 927-936.
[59] Slominska, M., Wegrzyn, A., Konopa, G., Skarstad, K., & Wegrzyn, G. (2001). SeqA,
the Escherichia coli origin sequestration protein, is also a specific transcription factor.
Mol. Microbiol. , 40, 1371-1379.
[60] Urig, S., Gowher, H., Hermann, A., Beck, C., Fatemi, M., Humeny, A., & Jeltsch, A.
(2002). The Escherichia coli dam DNA methyltransferase modifies DNA in a highly
processive reaction. J Mol Biol, 319, 1085-1096.
[61] Waldminghaus, T., & Skarstad, K. (2009). The Escherichia coli SeqA protein. Plasmid,
61, 141-150.
Roles of Methylation and Sequestration in the Mechanisms of DNA Replication in some Members of the
Enterobacteriaceae Family
http://dx.doi.org/10.5772/51724
331
[62] Wegrzyn, A., Wrobel, B., & Wegrzyn, G. (1999). Altered biological properties of cell
membranes in Escherichia coli dnaA and seqA mutants. Mol. Gen. Genet., 261,
762-769.
[63] Weitao, T., Nordstrom, K., & Dasgupta, S. (1999). Mutual suppression of mukB and
seqA phenotypes might arise from their opposing influences on the Escherichia coli
nucleoid structure. Mol. Microbiol. , 34, 157-168.
[64] Weitao, T., Nordstrom, K., & Dasgupta, S. (2000). Escherichia coli cell cycle control
genes affect chromosome superhelicity. EMBO Rep. , 1, 494-499.
[65] Wion, D., & Casadesus, J. (2006). N6-methyl-adenine: an epigenetic signal for DNA-
protein interactions. Nat. Rev. Microbiol. , 4, 183-192.
[66] Yamaki, H., Ohtsubo, E., Nagai, K., & Maeda, Y. (1988). The oriC unwinding by dam
methylation in Escherichia coli. Nucleic Acids Res, 16, 5067-5073.
[67] Yamazoe, M. S., Adachi, S., Kanava, K. O., & Hiraga, S. (2005). Sequential binding of
SeqA protein to nascent DNA segments at replication forks in synchronized cultures
of E. coli. Mol. Microbiol., 55, 289-298.
[68] Zechiedrich, E. L., & Cozzarelli, N. R. (1995). Roles of topoisomerase IV and DNA gy‐
rase in DNA unlinking during replication in Escherichia coli. Genes Dev, 9, 2859-69.
The Mechanisms of DNA Replication332
